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Rotating the magnetization of a magnetostrictive nanomagnet with electrically generated mechanical strain
dissipates miniscule amount of energy compared to any other rotation method and would have been the ideal
method to write bits in non-volatile magnetic memory, except strain cannot ordinarily rotate the magne-
tization of magnet by more than 90◦ and “flip” it. Here, we describe a scheme to achieve complete 180◦
rotation of the magnetization of a nanomagnet with strain that will enable writing of binary bits in non-
volatile magnetic memory implemented with magneto-tunneling junctions whose soft layers are two-phase
magnetostrictive/piezoelectric multiferroics. At room temperature, this writing method results in: (1) energy
dissipation < 6200 kT per bit, (2) write error probability < 10−6, (3) write time of ∼ 1 ns, and (4) low read
error. This could potentially lead to a new genre of non-volatile memory that is extremely reliable, fast and,
at the same time, ultra-energy-efficient.
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Magnetic random access memory (MRAM) is typically
implemented with a magneto-tunneling junction (MTJ)
comprising a hard and a soft ferromagnetic layer sepa-
rated by a spacer that acts as a tunnel barrier. The soft
layer is shaped like an elliptical disk that has two sta-
ble (mutually anti-parallel) magnetization states along
its major axis. The hard layer is permanently magnetized
parallel to one of those states. When the soft layer’s mag-
netization is parallel to that of the hard layer, the MTJ’s
resistance is low and encodes one binary bit (say ‘0’), and
when it is anti-parallel, the MTJ’s resistance is high and
encodes the other bit (say ‘1’). Writing a bit involves ori-
enting the magnetization of the soft layer either parallel
or anti-parallel to that of the hard layer.
The oldest bit writing scheme used a magnetic field
to flip the soft layer’s magnetization and that field
was generated with an on-chip current. More recent
schemes flip the magnetization with a spin transfer
torque (STT) generated by passing a current through
the MTJ1, or domain wall motion induced by the
current2, or by manipulating Rashba spin-orbit inter-
action at interfaces3. These schemes are extremely
dissipative and result in dissipating ∼107 kT of en-
ergy per bit at room temperature4. A more energy-
efficient scheme is to rotate the magnetization with
a current utilizing the spin-Hall effect5 or spin-orbit
torque in magnetically doped topological insulators6, or
use voltage-generated uniaxial strain/stress in a shape
anisotropic magnetostrictive-piezoelectric (multiferroic)
nanomagnet7–10. The strain/stress is generated by ap-
plying an electrical voltage across the piezoelectric layer
of the multiferroic nanomagnet which transfers the re-
sulting strain to the magnetostrictive layer and rotates
its magnetization.
Unfortunately, strain/stress can rotate the magnetiza-
tion of a nanomagnet by only up to ∼90◦, which means
that it is not able to “flip” the magnetization since that
requires a ∼180◦ rotation. Once the stress is withdrawn,
the magnetization, which has rotated by 90◦ and is now
in an unstable state, will have roughly equal likelihood of
returning to the original stable orientation (not flipping,
or 0◦ rotation) or flipping to the other stable orienta-
tion (180◦ rotation). That makes the flipping only ∼50%
likely, which is untenable. However, if the stress is with-
drawn as soon as the magnetization vector has rotated by
90◦ from the original orientation, then a residual torque
due to the magnetization vector’s out of plane compo-
nent may continue to rotate it beyond 90◦ and achieve
a “flip” with very high probability (> 99.99% at room
temperature)10. Such precise withdrawal requires a feed-
back mechanism that determines when the magnetization
has completed the 90◦ rotation and feeds that informa-
tion back to the voltage generator to withdraw the stress
at exactly the right juncture10. The need for such feed-
back circuitry makes this strategy unappealing since it
introduces additional energy dissipation and complexity.
A clever idea to circumvent this problem is to apply
a permanent magnetic field along the minor axis of the
elliptical soft layer that dislodges the stable magnetiza-
tion orientations from the major axis and places them
along two axes that are in the plane of the magnet and
mutually perpendicular. The hard layer of the MTJ is
now magnetized parallel to one of these axes. If the soft
layer has positive magnetostriction, then applying uni-
axial tensile stress along one of these two axes brings
the magnetization to the stable state along that axis,
while applying compressive stress takes it to the other
stable state (the situation is opposite if the magnetostric-
tion coefficient is negative)11–13. Therefore, one type of
stress (say, compressive) makes the hard and soft layer’s
magnetization parallel and the other type (say, tensile)
makes them mutually perpendicular. Thus, by choosing
2the sign of the stress, we can write either bit ‘0’ or bit
‘1’, regardless of the initially stored bit. The advantages
are: 1) the stress withdrawal timing is not critical and
no feedback mechanism is needed, 2) the final state is
always stable; hence, the magnetization remains in the
final state after the stress is withdrawn making the er-
ror probability very low (< 10−6 at room temperature),
and 3) by choosing the sign of the stress (compressive
or tensile), one can deterministically write either bit ‘0’
or bit ‘1’, without knowing what the initial stored bit
was (i.e. there is no need to read the stored bit before
re-writing it). On the flip side, the disadvantages are:
1) An external bias magnetic field is needed to dislodge
the stable magnetization orientations from the ellipse’s
major axis, and 2) the separation angle between the sta-
ble magnetization orientations is now Θ ≈ 90◦ which
makes it harder to distinguish bit ‘1’ from bit ‘0’ when
the latter are read via the resistance of the MTJ. The
ratio of the MTJ resistances corresponding to bit ‘1’ and
bit ‘0’ is (1 + η1η2) / (1 + η1η2cosΘ) when the magneti-
zation of the hard layer is aligned along the stable direc-
tion representing the bit ‘0’14. Here, η1 and η2 are the
spin injection/detection efficiencies at the two ferromag-
net/spacer interfaces of the MTJ. The resistance ratio is
largest when Θ = 180◦ and smaller when Θ = 90◦. In
fact, if η1 = η2 = 1, then the resistance ratio is infinite
when Θ = 180◦ and only 2:1 when Θ = 90◦. Therefore,
it is imperative to increase Θ and bring it as close to
180◦ as possible. We were recently able to increase Θ
to 132◦ by applying stress (of the same sign) along two
different directions (instead of applying compressive and
tensile stress along the same direction) to write the two
bits15. However, this improves the resistance ratio only
moderately.
In this paper, we propose a scheme that can increase
Θ to 180◦ and also eliminates the bias magnetic field
needed in Refs. [11–13, and 15]. The only penalty we
pay is that the write cycle must be preceded by a read
cycle, i.e. we cannot deterministically write either bit ‘0’
or bit ‘1’ without first knowing what the initial stored
bit was. Since reading is both faster than writing and
dissipates far less energy, this penalty is minor. Figure
1(a) shows the schematic design of the memory element
where the bit storing MTJ is placed on top of a piezoelec-
tric Lead Zirconate Titanate (PZT) thin film deposited
on an n+-Silicon substrate. The major axes of the ellip-
tical hard and soft layers are collinear and the hard layer
is permanently magnetized in one direction along its ma-
jor axis. Two pairs of electrode pads are delineated on
the PZT film such that the line joining one pair subtends
an angle of 30◦ with the common major axis of the two
layers and the other pair subtends an angle of 150◦. The
magnetostrictive elliptical soft layer is in elastic contact
with the PZT thin film and has a major axis a = 110 nm,
minor axis b = 90 nm and thickness d = 6 nm. These
dimensions ensure that the soft nanomagnetic layer has a
single domain16 and the in-plane potential energy barrier
separating the stable magnetization orientations along its
major axis is ∼62.5 kT at room temperature. The proba-
bility of spontaneous magnetization flipping between the
two stable states due to thermal noise (static error prob-
ability) is therefore ∼ e−62.5 per attempt17, leading to
memory retention time (1/fo)e
62.5 = 4.4× 107 years, as-
suming the attempt frequency fo is 1 THz
18.
One pair of electrodes has edge dimension of 120 nm
and the other has edge dimension of 80 nm whereas the
thickness of the PZT thin film is 100 nm. These dimen-
sions are needed to ensure the following: (1) the line
joining the centers of each pair of pads subtends either
30◦ or 150◦ with the common major axis of the ellipses,
(2) the spacing between the facing edges of the pads in
either pair is comparable to the pads’ edge dimension
and also the PZT film thickness, and (3) no two pads
overlap. The hard layer of the MTJ is implemented with
a synthetic anti-ferromagnet (SAF). When the magneti-
zations of the soft and hard layer are parallel (state Ψ0
in Figure 1(b)), the stored bit is ‘0’, and when they are
anti-parallel (state Ψ1), the stored bit is ‘1’.
In order to write, say, bit ‘1’, we first read the resis-
tance of the MTJ to determine what the stored bit is.
If it is bit ‘1’, we do nothing. If it is bit ‘0’, then the
magnetization of soft layer is at Ψ0 and we must switch
it to Ψ1 (Figure 1(b)). To accomplish this, we apply a
voltage between the electrode pair AA′ and the grounded
n+-Silicon substrate.
Since the electrode in-plane dimensions are comparable
to the piezoelectric film thickness, the out-of-plane (d33)
expansion/contraction and the in-plane (d31) contrac-
tion/expansion of the piezoelectric regions underneath
the electrodes produce a highly localized strain field un-
der the electrodes19. Furthermore, since the electrodes
are separated by a distance 1-2 times the PZT film thick-
ness, the interaction between the local strain fields below
the electrodes will lead to a biaxial strain in the PZT
layer underneath the soft magnetic layer19. This biax-
ial strain (compression/tension along the line joining the
electrodes and tension/compression along the perpendic-
ular axis) is transferred to the soft magnetostrictive mag-
net by elastic coupling. If the magnetostriction coeffi-
cient of the latter is positive, then voltage of the correct
polarity applied between AA′ and ground will generate
compressive stress in the soft magnet, rotating its magne-
tization, while if the magnetostriction coefficient is nega-
tive, then voltage of the opposite polarity will cause the
rotation. This rotation happens despite any substrate
clamping and despite the fact that the electric field in
the PZT layer just below the magnet is approximately
zero since the metallic magnet shorts out the field19.
We will assume that the magnetostriction coefficient
of the soft layer is positive and the applied voltage be-
tween AA′ and ground (of the right polarity) has gen-
erated compressive stress along the line AA′ and ten-
sile stress in the direction perpendicular to this line. In
that case, the magnetization will rotate away from Ψ0
towards Ψ1. Once steady state is reached and the mag-
netization settles at some intermediate state Ψ′ which
3(a)Device schematic
(b)2-dimensional view of the device
FIG. 1. Schematic of memory element. (a) The PZT
film has a thickness of ∼100 nm and is deposited on a con-
ducting n+-Si substrate. It is poled with an electric field in
the direction shown. The ratio of the distance between the
facing edges of the electrodes to the electrode lateral dimen-
sions is 1.67. (b) The fixed magnetization orientation of the
top (hard) magnet is denoted by the red arrow, and the two
stable magnetization orientations of the bottom (soft) mag-
net are denoted by green arrows. The MTJ resistance is high
when the soft magnet’s magnetization is aligned along Ψ1 and
the resistance is low when the soft magnet’s magnetization is
aligned along Ψ0. Also shown are the orientations of the in-
termediate states Ψ′, Ψ′′, Ψ
′
, Ψ
′′
. The eccentricity of the hard
magnet is more than that of the soft magnet which helps to
make the hard magnet “hard” and the soft magnet “soft”.
is roughly perpendicular to the axis joining the elec-
trodes AA′, the voltage at AA′ is withdrawn (timing is
not critical) and a voltage is applied between BB′ and
the grounded substrate that will rotate the magnetiza-
tion farther towards Ψ1. Finally, upon reaching the new
steady-state at Ψ′′ which is roughly perpendicular to the
line joining the electrode pair BB′, the voltage at BB′ is
withdrawn (again, timing is not critical) and the magne-
tization vector will rotate spontaneously to the closer of
the two global energy minima, which is Ψ1. This results
in flipping the magnetization and writing the desired bit
‘1’. Writing bit ‘0’, when the initial stored bit was ‘1’,
is exactly equivalent and hence not discussed. Note that
a two-phase clock is required to flip the bit – one phase
tied to AA′ and the other to BB′.
In order to estimate the energy dissipated in writ-
ing the bit, the minimum time required to write, and
the write error probability, we have carried out stochas-
tic Landau-Lifshitz-Gilbert calculations in the manner of
Ref. [15]. For the sake of simplicity, we always con-
sider uniaxial strain along the line joining the two elec-
trodes of a pair, but the strain is actually biaxial re-
sulting in tension/compression along that line and com-
pression/tension along the perpendicular direction. The
torques on the magnetization vector due to these two
components add. Therefore, we underestimate the torque
that makes the magnetization vector rotate, which makes
all our dissipation, error probability and switching delay
figures conservative.
Figure 2 shows the potential energy profile of the nano-
magnet in the magnet’s plane (φ = 90◦, 270◦) as a func-
tion of the polar angle θ subtended by the magnetization
vector with the common major axis of the elliptical hard
and soft layers (z-axis). The three profiles correspond to
the situations when neither electrode pair is activated,
electrode pair AA′ is activated, and electrode pair BB′ is
activated.
Consider the case when the magnetization of the nano-
magnet is initially in the stable state Ψ0 (initial stored bit
is ‘0’). If the electrode pair AA′ is activated, a compres-
sive uniaxial stress component is generated along the line
joining that electrode pair, which will rotate the magne-
tization vector to Ψ′ since that corresponds to the only
accessible global energy minimum (see the energy profile
corresponding to φ = 90◦ in Fig. 2). The other global
minimum at Ψ
′
is inaccessible owing to the energy bar-
rier between Ψ0 and Ψ
′
(see energy profile corresponding
to φ = 270◦ in Fig. 2; the peak of the energy barrier
separating Ψ0 and Ψ
′
is located roughly at θ = 35◦). In
other words, the magnetization will rotate clockwise in-
stead of anti-clockwise in Fig. 1(b). Next, de-activating
AA′ and activating BB′ causes a uniaxial compressive
stress component along the line joining BB′ that will ro-
tate the magnetization clockwise to the new global energy
minimum Ψ′′, which is the only accessible one. Finally,
removal of stress will drive the magnetization to Ψ1 (writ-
ing the new bit ‘1’) since it is the only accessible global
energy minimum at that point. The other global energy
minimum at Ψ0 is inaccessible because of the energy bar-
rier between Ψ′′ and Ψ0. The height of this energy barrier
> 20 kT which prevents the magnetization from migrat-
ing to Ψ0 as opposed to Ψ1.
If we activate the electrode pairs in opposite sequence,
4FIG. 2. Potential energy profiles of a Terfenol-D magne-
tostrictive nanomagnet of stated dimensions when the mag-
netization vector is constrained to the plane of the magnet
(φ = 90◦, 270◦). The three curves show the profiles when
no electrode pair is activated, electrode pair AA′ is activated
and electrode pair BB′ is activated. Activating electrode pair
AA′ creates global energy minima at Ψ′ (φ = 90◦) and Ψ
′
(φ = 270◦), whereas activating pair BB′, creates global min-
ima at Ψ′′ (φ = 90◦) and Ψ
′′
(φ = 270◦).
i.e. BB′ first and then AA′, the magnetization will first
rotate anti-clockwise from Ψ0 to Ψ
′′
, then anti-clockwise
to Ψ
′
and finally anti-clockwise to Ψ1 (see the energy pro-
file corresponding to φ = 270◦). Therefore, the sequence
does not matter; activating the electrodes in either se-
quence always flips the bit - either by clockwise rotation
or anti-clockwise rotation depending on the sequence. It
is easy to verify that the same is true if the initial stored
bit was ‘1’ instead of ‘0’.
FIG. 3. Magnetization dynamics at room temperature. Polar
angles (left) and azimuthal angles (right) of randomly chosen
1,000 trajectories out of 106 trajectories plotted as a function
of time. The trajectories are all slightly different from each
other because of random thermal noise included in the simu-
lation used to generate these trajectories in the manner of ref.
[15]. The instants at which the electrode pairs are activated
and deactivated are shown.
In Fig. 3, we show 1,000 randomly chosen switch-
ing trajectories (magnetization orientation θ, φ versus
time) out of 106 trajectories simulated in the presence of
room temperature thermal noise. These switching tra-
jectories are generated from stochastic Landau-Lifshitz-
Gilbert simulations in the manner of ref. [15]. The initial
values of θ and φ are chosen from their thermal distri-
butions around θ = 0◦ with appropriate weight15, the
fluctuation of the magnetization around the initial orien-
tation is simulated for 2.3 ns and then the pair AA′ is
activated (stress is turned on). The intermediate steady
state Ψ′ (θ = 60◦ ± 4◦) is reached by all 106 trajecto-
ries within 0.45 ns after activation, at which point AA′
is deactivated and BB′ is activated. The next interme-
diate steady state Ψ′′ (θ = 120◦ ± 4◦) is reached by all
trajectories within another 0.45 ns, and then BB′ is de-
activated (stress is turned off). The simulation of the
trajectories is continued until for every one of 106 tra-
jectories, θ reaches within 4◦ of 180◦ (successful flip).
This takes another 0.46 ns. The trajectories in Fig. 3
are all slightly different from each other since they are
probabilistic in the presence of room temperature ther-
mal noise. One million trajectories were simulated and
all of them showed successful transition from θ ≈ 0◦ to
θ ≈ 180◦, implying that the switching failure probabil-
ity is < 10−6. Therefore, the minimum switching delay
for < 10−6 error probability is 0.45 + 0.45 + 0.46 ns =
1.36 ns. This is the minimum time needed for all 106
switching trajectories to complete flipping.
It is obvious that the present scheme has the short-
coming that it will erroneously write the wrong bit every
time the stored bit happens to be the desired bit (since
the stored bit is always flipped in the write step). There-
fore, a write cycle must be preceded by a read cycle to
determine the stored bit. If the stored bit is the same as
the desired bit, no action is taken. Otherwise, the bit is
flipped following the above procedure. This requires an
extra read cycle, but it also saves time and energy by ob-
viating the write cycle whenever the stored and desired
bits are the same. Since writing is both slower and more
dissipative than reading, there may be an overall gain.
The write error probability can be reduced to zero by
writing the bit, then reading it to verify if it was writ-
ten correctly, re-writing it if it was written incorrectly,
followed by another read and so on, until the bit is ver-
ified to have been written correctly. Alternately, we can
always carry out a fixed number of write/verification cy-
cles. The error probability after n such cycles is 10−6n
since it is the probability of having written the bit incor-
rectly n times in a row. Because it will be an overkill
to reduce the write error probability to below the static
error probability of e−62.5 = 10−27, just four (n = 4)
read/verification cycles will be sufficient. However, this
increases the write time. Even if the bit was written cor-
rectly in the first attempt, we will still need three addi-
tional idle cycles since all bits are written simultaneously
in parallel. This will increase the effective write time to
1.36×4 ns = 5.44 ns (again assuming that the read time
is negligible compared to the write time), resulting in a
5clock rate of 180 MHz.
The results in Fig. 3 were generated assuming the
following material parameters for the magnet (Terfenol-
D): saturation magnetization Ms = 8 × 10
5 A/m, mag-
netostriction coefficient (3/2)λs = 90 × 10
−5, Young’s
modulus Y = 80 GPa, and Gilbert damping coefficient
α = 0.120–22. We also assume: strain ǫ(t) = 3.75× 10−4
(stress = 30 MPa).
In ref. [19], the electric field needed to generate a local
strain of ∼10−3 in the magnet was 3 MV/m. Using a
linear interpolation, the electric field needed to generate
a strain of 3.75×10−4 would be 1.125 MV/m. Therefore,
the potential that needs to be applied to the electrodes
is 1.125 MV/m × 100 nm = 112.5 mV.
The energy dissipated in writing the bit has two com-
ponents: (1) the internal dissipation in the nanomagnet
due to Gilbert damping, which is calculated in the man-
ner of Ref. [23] for each trajectory (the mean dissipation
is the dissipation averaged over all trajectories that re-
sult in correct switching); and (2) the external (1/2)CV 2
dissipation associated with applying the voltage between
the electrodes and the grounded substrate which act as
a capacitor. Since the piezoelectric response of PZT is
much faster than the magnet switching24, we can view
the strain generation as instantaneous.
The larger electrodes have a lateral dimension of 120
nm and the PZT film thickness is 100 nm. Therefore, the
associated capacitance is C = 1.275 fF, if we assume that
the relative dielectric constant of PZT is 1000. Since the
two electrodes of a pair are always activated together,
the external energy dissipation will be twice (1/2)CV 2
dissipation and that value is 3896 kT at room tempera-
ture (V = 112.5 mV). The smaller electrode pair has a
lateral dimension of 80 nm and hence a smaller capac-
itance of 0.567 fF. Hence, it dissipates CV 2 energy of
1733 kT. The mean internal dissipation could depend on
whether the initial stored bit was ‘0’ or ‘1’, and we will
take the higher value. In this case, the higher value was
514 kT, thus making the total dissipation 6143 kT which
is at least two orders of magnitude less than what spin-
transfer-torque memory STT-RAM dissipates in a write
cycle4.
In conclusion, we have provided a straintronic bit writ-
ing scheme that results in low energy dissipation, low
write and read error rate, and fast writing speed. The
only disadvantage is that every write cycle must be pre-
ceded by a read cycle, but it is a minor penalty.
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